The Very Special Relativity Electroweak Standard Model (VSR EW SM) is a theory with SU (2) L ×U (1) R symmetry, with the same number of leptons and gauge fields as in the usual Weinberg-Salam (WS) model. No new particles are introduced. The model is renormalizable and unitarity is preserved. However, photons obtain mass and the massive bosons obtain different masses for different polarizations. Besides, neutrino masses are generated. A VSR invariant term will produce neutrino oscillations and new processes are allowed. In particular, we compute the rate of the decays µ → e + γ. All these processes, which are forbidden in the Electroweak Standard Model, put stringent bounds on the parameters of our model and measure the violation of Lorentz invariance. We investigate the canonical quantization of this nonlocal model. Second quantization is carried out obtaining a well defined particle concept. Additionally, we do a counting of the degrees of freedom associated to the gauge bosons involved in this work, after Spontaneous Symmetry Breaking has been realized. Violations of Lorentz invariance have been predicted by several theories of Quantum Gravity [1] . It is a remarkable possibility that the low energy effects of Lorentz violation induced by Quantum Gravity could be contained in the non-local terms of the VSR EW SM.
Introduction
The SU (2) L × U (1) R gauge theory of weak and electromagnetic interactions known as the Electroweak Standard Model or Weinberg-Salam model(SM) is one of the most successful theories of Elementary Particle Physics. It permits to describe in detail an enormous amount of experimental data. Moreover, precision tests at the LHC, have verified both the particle contain, the gauge couplings as well as the mechanism of spontaneous symmetry breaking of the SM. The discovery of the Higgs particle with the SM properties at the LHC has completed the picture, leaving a very restrictive range of parameters to be explained by new Physics [2] . Therefore, any modification to the SM structure must be very subtle. Nonetheless, SM as it is cannot be the ultimate theory of nature. It does not incorporate the observed fact that the neutrinos have mass and does not incorporate gravity [3] .
The main problem of the Weinberg-Salam model is the observation of neutrino flavor oscillations, which imply that neutrinos are massive 1 . The SM does not provide an explanation for this fact, since neutrinos are massless in it. If Lorentz symmetry is exact, additional massive particles must be postulated as in the popular seesaw mechanism [5] . These remarks suggest that the subtle modification to the Dirac equation for m L = m R whereas in Appendix C we obtain the solution of the VSR Dirac equation for the particular but phenomenologically important case m L = m R = m.
Next, we use the results of [9] to build the VSR EW SM based on SU (2) L × U (1) R group and the SM particle representations.
It is hermitian if A µ is hermitian:
then we find:
It is not difficult to see that a redefinition given by A µ → A µ − 1 2 m 2 n µ (n · ∂) −2 (n · A) eliminate the modification by the m factor. This means that a modification in the ordinary covariant derivative given by (2) do not affect the observables. Then, we will use m = 0 from now on. However, VSR allow us to define a new invariant mass term for gauge fields using a new Field Strength:
We will develop the effect of this element in the next section.
Finally, we define the wiggle covariant derivative of the field φ by:
where m 2 φ is a new VSR parameter. UsingD µ we can introduce different VSR masses for the various matter fields in a covariant manner.
Very Special Relativity Electroweak Standard Model
In the Electroweak model, we have a symmetry given by SU (2) L × U (1) R , so a generic field, ψ, will transform like:
where Λ and Θ are transformation parameters under SU(2) and U(1) respectively. To define the covariant derivative, we must impose:
We saw in the last section that for VSR the covariant derivative is not modified. Then:
where
Besides, we have:
or taken the Lie algebra components:
where ε i jk is the Levi-Civita symbol and we used that Λ = 
such that:
But, using (10), we can define:
Now, we have all the elements to build the Weinberg-Salam model on VSR. For this we need the gauge fields B µ and A i µ , three families of leptons and a scalar field to implement the Higgs mechanism. Then we have: I) Gauge Lagrangian: Two kind of gauge fields, B µ and A i µ . To write the lagrangian, we use the modified Fields Strength given by (22) and (23). Then:
We can prove that:
Therefore the lagrangian is now:
From this lagrangian we can see that the equation of motion of B µ is:
Now, if we contract this equation with n µ , we obtain ∂ ν (n µ B µν ) = 0, so:
and:
On the other side, we need to fix the gauge freedom. We can use the Lorentz gauge plus a VSR additional restriction given by:
If we use it in (29) and (30), we obtain:
From this equation we can see that B µ have a mass m B . A similar result we can obtain from the free equation of motion of A i µ , where the mass is m A . Therefore, the lagrangian (27) describes massive gauge fields, but we will see that it preserves two degrees of freedom (See Appendix A).
In Section 3.1, we will study the free dynamic using (27) after the Spontaneous Symmetry Breaking is realized.
, where ν (1 + γ 5 )e 0 n . As is usual, we make the supposition that there is no right-handed neutrino. The index a represent the different families and the index 0 say that the fermionic fields are the physical fields before breaking the symmetry of the vacuum. The lagrangian is:
where m 2 L and m 2 R are hermitian matrices in family indices, (ba), and they could depend on γ 5 . The doublets have a hypercharge Y = −1 and the singlets have Y = −2. So, using (14), we have:
We will see that m 2 L is the mass matrix of neutrinos, that generate the oscillation between the different families.
III) Scalar Lagrangian:
A complex doublet scalar field φ = φ
with a lagrangian given by:
with:
We notice that the term proportional to m 2 φ can be absorbed redefining µ 2 + m 2 φ → µ 2 . Therefore, our scalar lagrangian is reduced to:
The hypercharge of φ is Y = 1, so:
From (38), we will obtain masses of each fields after Spontaneous Symmetry Breaking. The dynamic of the Higgs is not important, for the moment, so we will focus in the gauge and lepton fields.
IV) Interaction Lagrangian:
Besides, we have an interaction lagrangian:
where Γ is a matrix associated to the Yukawa interaction. Therefore, the final lagrangian is given by:
Now, we can proceed to break the symmetry, using the Higgs mechanism.
Spontaneous Symmetry Breaking
To break the symmetry, we need to find the vacuum of the system. For this we search for a solution to ∂V ∂φ = 0. Seeing (36), it can be noticed that this occurs for φ = 0 or φ =
λ . It is useful to work in the unitary gauge. In this gauge, the Goldstone bosons are removed from the lagrangian doing a gauge transformation. After the gauge transformation, we can use φ = 0
where H is the Higgs boson. From the non-zero value for the vacuum, we have new quadratic term in the fields, so they will obtain an additional contribution to the mass. To compute the mass, we will study the free part in the lagrangian for each field.
Notice that:
is still a symmetry of the vacuum. The associated gauge field will remain with the VSR mass only.
Gauge Fields:
After Spontaneous Symmetry Breaking, we have contributions to quadratic term in the gauge fields from (27) and (37). Then:
where the Pauli matrices are:
and the subindex (2) means that we keep up to quadratic terms in the field. Evaluating (20), (21) and (43) in (42), we obtain:
Now, to diagonalize this Lagrangian, we study the case m A = m B ≡ m G and:
Then:
From this Lagrangian, we can find the free equations of motion. They are:
Notice that all gauge field equations are like:
where M is a mass term. Using the result in (Appendix A), we obtain: A µ has two degrees of freedom and the mass is only M A = m G .
One thing that we must consider is the fact that the photon gains mass with VSR. Of course, this mass must be very tiny. Some widely accepted bounds for photon mass are:
• Most accepted bound based in measuring the torque exerted on a magnetized ring caused by the galactic vector potential can be probed directly giving m G ≤ 10 −18 eV [10] .
• Measures of the galactic magnetic field are only possible if the photon mass is zero, this has given a constraint of m G ≤ 3 × 10 −27 eV [11] .
On the other side, W µ and Z µ bosons will exhibit different propagations for perpendicular and longitudinal polarizations respectively, just like birefringence, but the difference is extremely small since depends on the photon mass m G . The bounds of photon mass give us a great idea how much similar are the masses of W µ or Z µ for different polarizations. It is certainly a prediction that should be investigated in appropriated experiments, for example at the LHC.
Lepton Fields
In order to see what happen to the leptons, we look at the diagonal (in flavor) part of L int . In particular, we will study in more detail the electron family. L int is now:
To determine the mass eigenstates we look at the equations of motion provided by the quadratic piece of the lagrangian. Introducing ψ = e R e L , we get:
Instead for the neutrino, we get:
That is, the neutrino mass is m ν = m L 2 . Particle:
where:
and p 0 > 0 (55)
Antiparticle:
and p 0 > 0 (58)
U 1 and U 2 are constant spinors (See Appendix B). Therefore, if m L = m R , the electron, muon and tau are actually composed by two different particles with slightly different masses. Due to this, in the next section, we explore a novel electron oscillation and put some plausible bounds on |m L − m R |.
Electron spin precession
Consider an electron at rest with the spin up in the z direction. Since m L and m R are expected to be much smaller than the contribution to the electron mass given by SSB, in a perturbative approach it makes sense to use the spinors that solve the Dirac equation with m L = m R = 0 to describe the initial and final state of the electron. So, the probability to measure the spin down will be proportional to:
for a certain constant R and:
To put some bound on this effect, we can imagine that the anisotropy of VSR has a cosmological origin, perhaps a primordial magnetic field. Such fields B have been bounded by 10 −17 G < B < 10 −9 G [12] . Assuming that these primordial magnetic fields induce the electron spin flip, we get an estimation:
This bound is very strong. This means that m L = m R is a excellent approximation probably in almost every case. However, the possibility of an Electron spin precession must not be ignored.
Lepton-Gauge boson interactions
We now consider three lepton families e b , ν b , b = 1 . . . 3. Keeping to first order in the gauge fields because higher terms are strongly suppressed by the smallness of the gauge coupling and the mass terms introduced by VSR, the interaction terms in Fourier space are:
where k and q are the momentum of gauge and lepton fields respectively, we have used u R,L = and:m
To zero order onm 2 , from (62), we can see that e L , e R and ν L are the flavor states, and e L and e R are the mass states, but ν L is not a mass eigenstate because for it the leading non-zero mass ism.
Then, for neutrinos, the relation between both states is: l is a diagonal matrix. Because the mass and flavor states of the neutrinos are not the same, we will have an oscillation between different states, where V l is the mixing matrix, that correspond to the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix: 
with c ij = cos(θ ij ) and s ij = sin(θ ij ). Therefore, a VSR non-diagonal mass matrix term is a natural form to describe neutrino oscillations.
On the other side, if we include the terms with VSR mass in (62), we can see that we need a nonlocal unitary transformation to diagonalize the interactions and obtain the flavor states. Actually, this means that we will have oscillation in all leptons. However, to introduce this unitary transformation is complicated and unnatural, so we will think of these terms as new very small interactions of the order of VSR parameters. These interactions will generate transition from one family to another. This is the subject of the next section.
X → Y + γ
One of the flavour changing interactions is:
where e is the electron charge. So, we have the process given by Figure 1 , X → Y + γ. If X and Y are leptons with m X > m Y , the corresponding decay rate is given by:
137 is the fine-structure constant,
, pi is the photon polarization and n i is the space component of the null-vector n µ . We can choose | n| = 1. Because of n, this decay have a privileged direction, given by the polarization. We will study the unpolarized case, so we must sum on p and use:
Now, if we evaluate Γ on the X particle rest frame, such that q = (m X , 0) with m X m Y , and we use n =ẑ, we obtain that:
On the other side, we have the known process X → Y +ν Y + ν X (See Figure 2) , where the decay rate is:
with G F = 1.01 × 10 −5 m −2 P and m P is the proton mass.
So, we can compute the branching ratio given by:
Using (65) 
where δm 2 = m 
(IH) .
The best upper limit to the branching ratio is B(µ, e) < 5.7 × 10 −13 [14] . So the predicted branching ratio is much smaller than the current experimental bound.
Canonical Quantization
Since VSR introduce non local terms, it is quite important to show how canonical quantization works in this case. Moreover, we have to check that it gives the same results as the path integral quantization.
Since non-locality means that the equations of motion are integral-differential equations, we have to fix a point of view about the quantization of such theories. Our perspective is to accept the results of the path integral quantization, which is a lagrangian quantization and better defined in this case. However, to understand the particle contain of the model, we must have a canonical formulation in terms of creation and annihilation operators. With this in mind, we will develop a canonical second quantization, such that it agrees with the path integral quantization, although we will have to introduce anticommutation rules that are non-canonical. We believe that this is due to the presence of second class constraints, and thus it is the Dirac bracket that define the anticommutation relations instead of the Poisson bracket. Aside from this subtle point that needs to be clarified in the future, we obtain a canonical second quantization which permits a particle interpretation of the model. The propagator defined in the canonical formulation coincides with the path integral result. The creation operators describes particles of definite momentum and charge.
We start from a local leptonic lagrangian [15] , where the canonical formalism is well defined:
where ψ is the lepton field, φ and χ are auxiliary fields and n µ = (n 0 , n i ), so that | n |= 1 and n µ = (n 0 , −n i ). The lagrangian equations of motion are:
from which we can deduce:
and the equation of motion given by:
Now, the canonical conjugated variables are:
and the local Hamiltonian is given by:
Using the canonical commutation relations:
and (76) we reproduce the lagrangian equations of motion (72).
Notice that in (82) the same combination of ψ and ψfor longitudinal polarization with respect to n µ and
for perpendicular polarizations with respect to n µ respectively. On the other side, the photon, A µ , has a unique mass M A = m G for the two polarizations. We presented some bounds on m G . In a future work, all these prediction should be developed to be studied in appropriated experiments, for example at the LHC.
In the second place, we solved the equations of motion for the leptons. A modified dispersion relation is produced and, in the particular case of neutrinos, they obtain mass without lepton number violation or sterile neutrinos. Besides, we can produce neutrino oscillations. For the electron (muon,tau), we obtained a interesting effect in the case m L = m R , an Electron Spin oscillation. This means that the electrons (muon and tau) are actually composed by two different states with slightly different masses. In fact, we found a extremely strong bound. This is m
In the third place, we analyzed the leptons gauge bosons interactions to study new process forbidden in the usual Electroweak model. In particular, we computed the decay rate for X− > Y +γ, where X and Y are leptons with m X > m Y . We obtain a more restrictive condition to the Branching ratio compared with the best experimental bounds available today.
Finally, we analyzed the canonical quantization of the model. For this, we used auxiliary fields to eliminate the non local terms and obtain a local hamiltonian. Then, we quantize. To come back to the non local formalism, we must use the equations of motion of the auxiliary fields. However, they are integral-differential equations. This produce an non-canonical anticommutation relation for the fermion field. So, we decided to accept the results of the path integral quantization like the correct point of view about the quantization and we proved that this produce the correct expressions of the propagator, hamiltonian and charge operator in terms of creation and annihilation operators within the canonical second quantization. We believe that this non-canonical anticommutation relation came from a Dirac bracket by the presence of second class constraints on the model. This point shall be clarified in a future work.
In the present work, we did not included quarks in the formalism. We leave the implementation of this part of the VSR EW SM for a future publication. Meanwhile, many interesting applications of the model open up: among them to study the processes that have been observed at the LHC, to put bounds on the parameters of the model and/or describe new Physics beyond the SM, to be ready for the precision tests that will be available at the next run of the LHC.
Appendix D
The only pole the neutrino propagator has is at p 2 = m The determinant has been computed for arbitrarily small n.p. We used the property that n µ is a null vector. That is: n 2 = 0. There is the Lorentz invariant pole only. This result holds in arbitrary space-time dimensions.
